The low-temperature magnetic properties of LaCoGe with the tetragonal CeFeSi-type structure were investigated by 59 Co-and 139 La-nuclear magnetic resonance (NMR) and nuclear quadrupole resonance (NQR) measurements. The nuclear spin-lattice relaxation rate divided by the temperature, 1/(T1T ), gradually increases with decreasing temperature and shows a kink at approximately 18 K, below which an inhomogeneous internal field appears at the Co nuclear site. These results indicate that antiferromagnetic ordering occurs below TN ∼ 18 K. However, an internal field was not observed at the La nuclear site below TN. Taking all NMR results into account, we conclude that spin-density-wave (SDW)-type ordering occurs, where magnetic correlations are of the checkerboard type [ Q= (π, π)] in the ab-plane and have a long periodicity along the c-axis with inhomogeneous ordered moments pointing to the c-axis.
Cobalt intermetallic compounds exhibit interesting magnetic properties; for instance, the cubic Laves phase compound YCo 2 (space group: C15) with enhanced Pauli paramagnetism shows metamagnetic behavior with the application of a large magnetic field of µ 0 H ∼ 70 T, 1) and the isostructural compound LaCo 2 shows weak ferromagnetism below T Curie ∼ 130 K with a small ordered moment of 0.1 µ B .
2) In addition, superconductivity was reported in the itinerant ferromagnet Y 4 Co 3 .
3) Co electronic and magnetic states in these compounds have been intensively studied by 59 Co-nuclear magnetic resonance (NMR) measurements.
Before our study, Welter et al and Vejpravova et al studied LaCoGe as a reference compound of CeCoGe, since both compounds possess the same tetragonal CeFeSi-type structure (space group: P 4/nmm) without the inversion symmetry, as shown in the inset of Fig.  1 . They reported that LaCoGe is a nonmagnetic compound, because no anomaly was observed down to 2 K in the magnetic susceptibility and specific heat measurements. 4, 5) However, further measurements, particularly microscopic measurements, are required in order to conclusively prove the low-temperature magnetic property of LaCoGe because it has often been observed that small amounts of impurities, which show a large Curie term in bulk susceptibility and give rise to strong scattering in transport properties, mask the intrinsic magnetic properties at low temperatures. We studied LaCoGe by 59 Co-and 139 La-NMR and nuclear quadrupole resonance (NQR) measurements, which are useful probes for obtaining intrinsic magnetic properties from a microscopic point of view. We found a clear anomaly in the nuclear spin-lattice relaxation rate at T N ∼ 18 K, below which the 59 Co-NMR spectrum becomes broad owing to the ap- * E-mail address : karube@scphys.kyoto-u.ac.jp † E-mail address : kishida@scphys.kyoto-u.ac.jp pearance of a static internal field at the Co nuclear site. These indicate antiferromagnetic (AF) ordering occurring at T N . However, the internal field related to the AF ordering was not observed at La sites, which are crystallographically different from the Co sites. Possible magnetic correlations are discussed on the basis of the 59 Coand 139 La-NMR results. For our NMR and NQR measurements, single-crystal samples prepared by the Czochralski method in a tetraarc furnace were used. Figure 1 shows the temperature dependence of the electrical resistivity of single-crystal LaCoGe. The resistivity shows broad convex behavior at approximately 120 K, suggestive of the presence of strong phonon scattering and/or spin-fluctuation effects. However, no anomaly was observed down to 1.5 K in the resistivity measurements, which is consistent with the previous measurements. 4, 5) Single-crystal samples were coarsely ground into powder (∼ 100 µm) and loosely packed in a small plastic tube (φ ∼ 5 mm). Two samples were prepared, i.e., a free powder sample (∼ 0.11 g) and a fixed powder sample (∼ 0.10 g), in which the grains are fixed with GE varnish so as not to be aligned by external fields. Figure 2 shows the field-swept 59 Co-NMR spectra measured at 20 K for the free powder and fixed powder samples. In general, an NMR spectrum in the presence of the electric quadrupole interaction H Q can be expressed as
where H Z is the Zeeman interaction, and K and H are the Knight-shift tensor and external-field vector, respectively. ν zz is the frequency along the principal axis of the electric field gradient (EFG) and η is the asymmetry pa-Letter Author Name rameter, defined as η ≡ |V xx −V yy |/V zz , where V ij are the components of the EFG tensor. The typical NMR powder pattern for I = 7/2 and η = 0 was observed in the fixed powder sample of LaCoGe. The η = 0 result indicates the axial symmetry of the Co sites, which is anticipated from the tetragonal crystal structure; thus, the EFG principal axis is determined to be the c-axis. The obtained fixed powder NMR spectrum can be well reproduced by the NMR powder simulation, 6) in which ν zz = 2.29 MHz, η = 0, and K c = 2.2% and K a = 1.3%, which are the Knight shifts along the c-and a-axes, respectively, are adopted. In contrast, the NMR spectrum of the free powder sample is different from that of the fixed powder sample and contains additional quadrupole satellites marked by dotted arrows in Fig. 2 . Note that these additional quadrupole satellites appear at an interval two times larger than that in the fixed powder sample. This indicates that the magnetic easy axis in LaCoGe is parallel to the c-axis, which is discussed as follows. According to the first-order perturbation calculation for the Hamiltonian H = H Z + H Q with η = 0, quadrupole satellites appear from the central peak by the integral multiplication periodicity of the unit ∆H = ν zz |3 cos 2 θ − 1|/(2γ n ), where θ is the angle between the EFG principal axis (c-axis in LaCoGe) and the external magnetic field. In the case of the fixed powder sample, θ is randomly distributed and the number of crystals with θ = 90
• is maximum, which yields peaks at ∆H f ixed = ν zz /(2γ n ). On the other hand, in the case of the free powder sample, satellite peaks are observed at ∆H f ree = 2∆H f ixed . This is possible when the number of crystals with θ = 0
• is maximum, indicative of the magnetic easy axis being parallel to the EFG principal axis, i.e., the c-axis in LaCoGe.
Zero-magnetic-field 59 Co-NQR signals were observed at 4.59 and 6.88 MHz at 20 K, which are shown in the inset of Fig. 2 . These are identified as the signals arising from the ±3/2 ↔ ±5/2 and ±5/2 ↔ ±7/2 transitions, respectively, and are well understood from the above NMR parameters of ν zz = 2.29 MHz and η = 0. From the calculation, the signal arising from the ±1/2 ↔ ±3/2 transition is expected to be observed at approximately 2.29 MHz, but was not observed. This is due to the weak intensity (I) of the low-frequency signal (I ∝ ω 2 ) and the poor sensitivity of our NQR spectrometer in the lowfrequency range.
The nuclear spin-lattice relaxation time T 1 was mea- sured at the central peak of the 59 Co-NMR spectrum of the fixed powder sample. T 1 was evaluated by fitting the nuclear magnetization recovery after a saturation pulse with the theoretical curve for I = 7/2 and η = 0.
7) The temperature dependence of 1/(T 1 T ) is shown in Fig. 3 . 1/(T 1 T ) gradually increases with decreasing temperature, although the Knight shift evaluated from the central peaks is nearly unchanged against temperature, as shown in Fig. 4 . This indicates that the AF correlation develops below 100 K, since 1/(T 1 T ) is related to the q-summed low-energy magnetic fluctuations [Σ q χ ′′ (q, ω ∼ 0)], and the Knight shift is proportional to the q = 0 static susceptibility [χ(q = 0, ω = 0)]. With further decreasing temperature, 1/(T 1 T ) shows a broad maximum at T N ∼ 18 K, and remains constant below 7 K. The anomaly at T N and the reduction of 1/(T 1 T ) below T N are relatively small (the reduction rate is ∼ 20%) in comparison with that of conventional AF compounds, indicative of a weak magnetic ordering.
The appearance of a small internal field at the Co nuclear site was detected below T N from the 59 Co-NMR spectra. Figure 4 shows the field-swept 59 Co-NMR spectra obtained at various temperatures of the fixed powder sample. Below T N , the original powder NMR spectrum appears to be superimposed above a broad dome-shaped background structure that gradually emerges with decreasing temperature. However, the central peak (Knight shift) and quadrupole satellite peaks do not shift down to 1.7 K. When the internal field with a finite value appears in the powder NMR spectrum, the NMR spectrum becomes rectangular, the width of which is double of the internal field. 8, 9) The NMR spectra below T N indicate that the internal field is distributed from zero to a finite value, and that the average of the distributed internal field is ∼ 0.23 T, determined from the standard deviation (σ) of the Gaussian function fitting the 59 Co-NMR spectrum at 5 K, as shown in Fig. 4 . The distribution of the internal field is also consistent with the broadening of the zero-magnetic-field 59 Co-NQR spectrum shown in the inset of Fig. 4 . Thus, the AF ordering is not a fieldinduced one, but is present even at zero magnetic field.
In order to obtain information about the magnetic structure below T N , we performed 139 La-NMR measurement, since the La atom is located at the center of the square formed by four Co atoms. Figure 5 shows the field-swept 139 La-NMR spectra obtained at 20 and 4.2 K for the fixed powder sample. Unlike the above 59 Co-NMR spectrum, the 139 La-NMR powder spectrum is unchanged below T N , indicative of the cancellation of the internal field arising from the Co sites. This gives a strong constraint on the magnetic structure, as discussed below.
As shown in Fig. 6(a) , the La site has a symmetrical position, and the La-Co bonds form a square pyramid. Here, we discuss the possible AF alignment of Co-3d spins in this square pyramid structure. Following the discussion of the analyses of the 75 As-NMR spectra in the AF states of BaFe 2 As 2 10) and LaFeAsO 1−x F x , 11) we discuss the possible magnetic structure of LaCoGe. When the magnitudes of the four Co-3d AF moments are the same, the internal field at the La site can be described Letter Author Name as follows;
where m
Co i is the ith Co-3d moment and A i is the hyperfine coupling tensor between the La nucleus and the ith Co-3d moment. m
Co is one of the four m and is expressed by the orthorhombic notation as follows; We conclude that the most promising magnetic structure of LaCoGe is (ii), as shown in Fig. 6(a) , from the experimental finding that the magnetic easy axis is the c-axis. Therefore, the distribution of the ordered moment, which is revealed by the 59 Co-NMR/NQR spectra, should be along the c-axis, and the Q-vector along the c-axis should have a long periodicity as shown in Fig. 6(b) ; thus, the magnetic state below T N is interpreted to be of the spindensity-wave (SDW) type. We emphasize that LaCoGe is a rare Co-3d compound exhibiting SDW-type ordering, since most Co-3d compounds exhibit ferromagnetic ordering.
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In summary, from the 59 Co-NQR/NMR measurements of LaCoGe, we found that the AF ordering occurs at T N ∼ 18 K, below which inhomogeneous internal fields appear at the Co site. This AF ordering is considered to be weak, since the anomaly of 1/(T 1 T ) at T N and the internal field appearing below T N are small. However, an internal field arising from the Co ordered moments was not observed at the La nuclear site below T N . Taking all NMR results into account, we conclude that SDW-type ordering occurs, where magnetic correlations are of the checkerboard type [ Q= (π, π)] in the ab-plane and have a long periodicity along the c-axis with inhomogeneous ordered moments pointing to the c-axis. Neutron diffraction and scattering experiments on LaCoGe are desired to determine the Q-vector directly in the AF-ordered and paramagnetic states, and to estimate the magnitude of the ordered moments.
